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ABSTRACT
Mixing of 56Ni, whose nuclear decay energy is a major luminosity source in stripped-envelope
supernovae, is known to affect the observational properties of stripped-envelope supernovae
such as light-curve and color evolution. Here we systematically investigate the effect of 56Ni
mixing on the photospheric velocity evolution in stripped-envelope supernovae.We show that
56Ni mixing significantly affects the early photospheric velocity evolution. The photospheric
velocity, which is often used to constrain the ejecta mass and explosion energy, significantly
varies by just changing the degree of 56Ni mixing. In addition, the models with a small degree
of 56Ni mixing show a flattening in the early photospheric velocity evolution, while the fully
mixed models show a monotonic decrease. The velocity flattening appears in both helium
and carbon+oxygen progenitor explosions with a variety of ejecta mass, explosion energy, and
56Ni mass. Some stripped-envelope supernovae with early photospheric velocity information
do show such a flattening. We find that Type Ib SN 2007Y, which has early photospheric
velocity information, has a signature of a moderate degree of 56Ni mixing in the photospheric
velocity evolution and about a half of the ejecta is mixed in it. The immediate spectroscopic
follow-up observations of stripped-envelope supernovae shortly after the explosion providing
the early photospheric evolution give an important clue to constrain 56Ni mixing in the ejecta.
Key words: supernovae: general — supernovae: individual: SN 2007Y
1 INTRODUCTION
Stripped-envelope supernovae (SNe) are core-collapse SN explo-
sions of massive stars with little or no hydrogen. Among them,
Type Ib SNe (SNe Ib) do not have hydrogen signatures but have
helium signatures in their spectra, while Type Ic SNe (SNe Ic) do
not have signatures of both hydrogen and helium in their spec-
tra (Filippenko 1997). In order not to have hydrogen signatures in
spectra, the SN progenitors should contain hydrogen mass of less
than 0.03 M⊙ (Hachinger et al. 2012). Therefore, the progenitors of
SNe Ib and Ic areWolf-Rayet stars that somehow lost their hydrogen-
rich envelope during the evolution. Multiplicity of massive stars is
suggested to play an essential role in forming stripped-envelope SN
progenitors (e.g., Podsiadlowski et al. 1992; Nomoto et al. 1995;
Yoon et al. 2010; Eldridge et al. 2011; Tauris et al. 2013) in addi-
⋆ E-mail: takashi.moriya@nao.ac.jp (TJM)
tion to stellar wind (e.g., Woosley et al. 1993; Meynet & Maeder
2005).
Large-scale material mixing in core-collapse SN ejecta is
known to occur (e.g., Kumagai et al. 1989). Especially, mixing
of radioactive 56Ni strongly affects the electromagnetic properties
of SNe. The effect of 56Ni mixing in stripped-envelope SNe has
long been studied (e.g., Ensman & Woosley 1988; Shigeyama et al.
1990; Dessart et al. 2012; Bersten et al. 2013; Piro & Nakar 2013;
Taddia et al. 2018; Yoon et al. 2019; Teffs et al. 2020). In particular,
it has been suggested that the difference between SNe Ib and SNe Ic
is in the degree of 56Ni mixing, because non-thermal excitation re-
quired to observe the He i lines can be triggered by the radioactive
decay of 56Ni (Lucy 1991; Swartz 1991). If 56Ni is not mixed in the
helium layer of the progenitor, the helium lines may not be observed
even if helium exists in the progenitor. The degree of 56Ni mixing
also changes the light curves (LCs) of stripped-envelope SNe (e.g.,
Shigeyama et al. 1990). Recently, Yoon et al. (2019) conducted a
systematic study of the effect of 56Ni mixing on the color evolution
© 2020 The Authors
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Table 1. Progenitor properties.
name ZAMS mass progenitor mass progenitor radius He core mass C+O core mass mass cut ejecta mass
(M⊙) (M⊙) (R⊙) (M⊙) (M⊙) (M⊙) (M⊙)
He3.85 14 3.85 4.78 3.85 2.04 1.35 2.5
CO3.85 20 3.85 0.14 0 3.85 1.35 2.5
He4.90 17 4.90 3.63 3.85 2.92 1.40 3.5
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Figure 1. Density structure of the progenitor models in the mass coordinate
(top) and radius coordinate (bottom).
in stripped-envelope SNe. They found that the early color evolution
can be strongly affected by the degree of 56Ni mixing and it can be
a strong probe of 56Ni mixing.
In this work, we investigate the effect of 56Ni mixing on the
photospheric velocity evolution of stripped-envelope SNe. Recent
development in the high-cadence transient surveys started to al-
low us to access spectroscopic information of SNe shortly after the
explosions (e.g., Gal-Yam et al. 2014; Yaron et al. 2017). Velocity
information that can be acquired through spectra has long been used
to obtain an independent constraint on stripped-envelope SN prop-
erties (e.g., Iwamoto et al. 2000; Mazzali et al. 2000; Lyman et al.
2016; Dessart et al. 2016; Taddia et al. 2018; Prentice et al. 2019).
Indeed, the previous studies on 56Ni mixing in stripped-envelope
SNe indicate that 56Ni mixing can affect the photospheric veloc-
ity evolution in stripped-envelope SNe (e.g., Dessart et al. 2012).
In this paper, we perform a systematic study of the effect of 56Ni
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Figure 2. Top: Examples of 56Ni distributions. fm is the factor determining
the degree of mixing defined in Eq. (1). Bottom: Abundances of representa-
tive elements in the half-mixing model of He3.85 (solid lines). The original
abundance profiles are shown with the dashed lines.
mixing on the photospheric velocity evolution in stripped-envelope
SNe.
The rest of this paper is organized as follows. We summarize
how we get progenitor models, how we mix 56Ni, and how we
conduct radiation transfer simulations in Section 2. Our results are
presented in Section 3. We discuss the results and conclude this
paper in Section 4.
2 METHODS
2.1 Progenitor models
We obtain hydrogen-free progenitor models by using the public
stellar evolution code MESA (Paxton et al. 2011, 2013, 2015, 2018,
2019). We assume the metallicity of Z = 0.02. We adopt the stan-
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Figure 3. Bolometric LCs with different 56Ni mixing from the helium
progenitor (top) and the carbon+oxygen progenitor (bottom). The models
have the ejecta mass of 2.5 M⊙ , the explosion energy of 1 B, and the
56Ni
mass of 0.05 M⊙ . The blue lines are the energy deposition rate of the
56Ni→ 56Co→ 56Fe decay from 0.05 M⊙ of
56Ni. The insets zoom in the
peaks of the LCs.
dard mixing-length theory for convection with the mixing-length
parameter of 2.0 with the Schwarzschild criteria.
Our focus in this paper is on hydrogen-free SNe. There are
many mechanisms to remove the hydrogen-rich envelope from SN
progenitors and the mass loss mechanisms themselves are a largely
investigated field of research (Smith 2014). In this work, we ar-
tificially remove hydrogen-rich envelopes to obtain hydrogen-free
SN progenitors. We first evolve massive stars from zero-age main
sequence (ZAMS) to the end of helium burning without mass loss.
The helium core mass does not change much after the helium burn-
ing. At this point, we stop the stellar evolution calculation and
gradually reduce the mass from the surface through wind by using
the relax_mass option in MESA. The maximum mass-loss rate al-
lowed in this process is 10−4 M⊙ yr
−1 (lg_max_abs_mdot = -4
in MESA). When the stellar mass reaches a desired mass, we resume
the stellar evolution calculation without mass loss. The stellar evo-
lution calculations are performed at least until the end of oxygen
burning. The subsequent evolution would not affect the envelope
structure of the progenitors significantly.
Using the method described above, we obtain three hydrogen-
free progenitor models; He3.85, CO3.85, and He4.90 (Table 1). The
density structure of the progenitors is shown in Fig. 1. He3.85 and
CO3.85 have the same mass (3.85 M⊙), but He3.85 is a helium star
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Figure 4. Photospheric velocity evolution of the models presented in Fig. 3.
while CO3.85 is a carbon+oxygen star without helium. The ZAMS
masses of He3.85 and CO3.85 are 14 M⊙ and 20 M⊙ , respectively.
He4.90 is a 4.90 M⊙ helium star progenitor with the ZAMS mass
of 17 M⊙ . These masses are determined to have the typical ejecta
mass (≃ 2 M⊙) in stripped-envelope SNe (e.g., Lyman et al. 2016).
When we explode these progenitors, we set a mass cut Mcut
below which is assumed to form a compact remnant and is not
ejected. The mass cut is set at 1.35 M⊙ (He3.85 and CO3.85) and
1.40 M⊙ (He4.90) so that the ejecta mass becomes 2.5 M⊙ (He3.85
and CO3.85) and 3.5 M⊙ (He4.90), respectively.
2.2 56Nimixing
Using the progenitor models presented so far, we artificially put
56Ni in the ejecta with many different degrees of mixing. The “full
mixing” model is the model in which 56Ni is uniformly mixed in
the entire ejecta. From the full mixing model, we reduce the outer
edge of the layer where 56Ni is mixed in steps of 0.25 M⊙ as shown
in Fig. 2. The model with the least degree of mixing, in which
56Ni exists up to 0.25 M⊙ above the mass cut, is labeled as “no
mixing.” We mix all the elements in the region where we include
56Ni (Fig. 2). We decrease the mass of the other elements following
the original mass fraction and replace it with 56Ni.
To compare our results with those of the previous study by
Yoon et al. (2019), we also adopt their mixing method. Yoon et al.
MNRAS 000, 1–9 (2020)
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Figure 5. Same as Fig. 3, but the origin of the time axis is set at the
luminosity peak after the shock breakout. The insets zoom in the peaks of
the LCs.
(2019) use the 56Ni distribution in the ejecta formulated as
X56Ni(Mr ) = A exp
(
−
[
Mr − Mcut
fm (Mtot − Mcut)
]2)
, (1)
where Mr is the mass coordinate, A is the scaling factor, Mtot
is the total mass, and fm is the factor determining the degree of
mixing. As in Yoon et al. (2019), we adopt fm = 0.15, 0.30, 0.50
and 0.90. Fig. 2 shows examples of the 56Ni distribution with these
fm. When adopting this
56Ni distribution, we just reduce the mass
of the other elements following the mass fraction to put 56Ni and
no other elements are mixed.
Our standard models have the 56Ni mass of 0.05 M⊙ . This
mass is chosen based on the recent study of well-observed stripped-
envelope SNe (Meza & Anderson 2020, see also Anderson 2019).
We also investigate models with a different 56Ni mass (0.1 M⊙).
2.3 Light-curve calculations
LC calculations are performed by using the one-dimensional multi-
group radiation hydrodynamics code STELLA (Blinnikov et al.
1998, 2000, 2006). STELLA calculates the spectral energy distri-
butions (SEDs) at each time-step and obtains multicolor LCs by
convolving filter functions with the SEDs. Bolometric LCs are
obtained by integrating the SEDs. STELLA implicitly treats time-
dependent equations of the angular moments of intensity averaged
over a frequency bin with the variable Eddington method in addition
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Figure 6. Same as Fig. 4, but the origin of the time axis is set at the
luminosity peak after the shock breakout.
to hydrodynamics. The SN explosions are artificially triggered by
putting thermal energy just above the mass cut. The photosphere is
defined as where the Rosseland mean optical depth becomes 2/3.
We use the non-relativistic version of STELLA. However, the
outermost layers in the ejecta after the shock breakout becomes
close to the speed of light because our progenitors are compact.
To avoid the numerical difficulties caused by the regions close to
the speed of light, we remove the region having velocity exceed-
ing 100,000 km s−1 shortly after the shock breakout. The mass of
the removed region depends on the models, but they are less than
0.003 M⊙ . The synthetic LCs at shock breakout and immediately
after are affected by the mass removal, but the later LCs would not
be affected because of the small removed mass. The shock breakout
signals in our models are, therefore, not calculated properly but they
are irrelevant to this study and should be ignored.
3 RESULTS
3.1 Bolometric LCs
Fig. 3 shows the synthetic bolometric LCs with different degrees
of 56Ni mixing from our helium and carbon+oxygen progenitors
with Mej = 2.5 M⊙ . The models in the figure assume the explosion
energy of 1 B ≡ 1051 erg.
We first look into the helium star explosion models. After the
shock breakout, the bolometric luminosity declines quickly until the
recombination front appears in the ejecta. After this moment, the
MNRAS 000, 1–9 (2020)
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Figure 7. Photospheric velocity evolution for the models having the ejecta
mass of 3.5 M⊙ .
photosphere is kept at the recombination front for a while and the
luminosity decline rate becomes significantly smaller than before
(e.g., Ensman & Woosley 1988; Dessart et al. 2011; Bersten et al.
2013). Not only helium but also other elements such as carbon and
oxygen are related in the recombination. The photospheric temper-
ature evolution during the recombination phase is similar to those
found in the previous studies (Section 3.3). The bolometric LCs
start to increase when the heating caused by the 56Ni decay be-
comes large enough to push the recombination front outwards. The
temperature of the ejecta increases again and the subsequent LC evo-
lution follows the standard LC evolution of stripped-envelope SNe.
The peak luminosity roughly matches the nuclear energy deposi-
tion rate (the blue lines in Fig. 3) at the time of the peak luminosity
(Arnett 1982; Blinnikov et al. 2006; Khatami & Kasen 2019). The
peak bolometric luminosity does not strongly depend on the degree
of 56Ni mixing, but there are slight differences likely caused by the
difference in the gamma-ray trapping efficiency due to the differ-
ent degrees of mixing. It is natural, because, for a given amount
of radioactive material, higher degree of mixing implies more of
the material closer to the surface, hence, less gamma-photons to be
trapped and reprocessed to produce the LC.
The major differences in the bolometric LCs caused by 56Ni
mixing are found in two phases. The first phase is the transition from
the recombination phase to the luminosity increase triggered by
heating from the nuclear decay. The recombination phase becomes
shorter with the larger degree of mixing. When 56Ni only locates
at the center, the heating of ejecta only occurs at the center and
temperature in the ejecta gradually increases from inside. On the
other hand, when 56Ni is mixed, the heating by the nuclear decay in
the outer layers in the ejecta becomes efficient and the increase in
the ejecta temperature occurs earlier. This makes the recombination
phase shorter for the more mixed models. The efficient heating also
makes the rise time of the bolometric LC shorter and thus more
mixed models have shorter rise times. The second phase that is
strongly affected by the degree of 56Nimixing is the tail phase. More
mixed models have a less tail luminosity because gamma-rays from
the nuclear decay can be less trapped in them (e.g., Wheeler et al.
2015; Sharon & Kushnir 2020).
The behavior of the carbon+oxygen star explosion models is
basically the same as that of the helium star explosion models. The
recombination phase after the shock breakout is determined by the
recombination temperature without helium. The luminosity at the
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Figure 8. Photospheric velocity evolution for the models having the explo-
sion energy of 2 B (top) and 0.5 B (bottom).
recombination phase is much lower than that of the helium star
explosions. The bolometric LC evolution after the recombination
phase is similar to that of the helium star explosions.
3.2 Photospheric velocity
We now look into the photospheric velocity. Fig. 4 shows the pho-
tospheric velocity evolution of the LC models discussed in the
previous section. We can see that the photospheric velocity evolu-
tion is strongly affected by the degree of 56Ni mixing. After the
shock breakout, the photospheric velocity quickly recedes inwards
as the ejecta cool adiabatically. The photospheric velocity evolu-
tion suddenly flattens when the recombination phase ends and the
bolometric luminosity starts to increase due to the heating from
the nuclear decay. The time when the photospheric velocity evolu-
tion flattens depends on the degree of mixing and it can be used to
observationally constrain 56Ni mixing in stripped-envelope SNe.
We have so far investigated the models with the step-function
56Ni distribution. The border of the 56Ni mixing is not necessarily
defined sharply. Yoon et al. (2019) adopted exponential 56Ni distri-
bution (Eq. 1) and we show the models with their 56Ni distribution
in Figs. 3 and 4. We find that the effect of the 56Ni mixing found
by the step-function distribution remains even when we adopt the
exponential 56Ni distribution from Yoon et al. (2019).
Figs. 5 and 6 show the same models as presented in Figs. 3 and
4, but the origin of the time is set at the time of the peak luminosity
after the shock breakout. Looking at the bolometric LC evolution
MNRAS 000, 1–9 (2020)
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Figure 9. Photospheric velocity evolution for the models having the 56Ni
mass of 0.1 M⊙ .
of the helium star progenitor, we find that it takes more time after
the explosion to reach the maximum bolometric luminosity in the
less mixed models. However, the less mixed models have the longer
recombination phase. When we look at the time it takes to reach
the peak luminosity from the end of the recombination phase, the
less mixed models tend to have shorter time to reach the peak
luminosity. Thus, the LCs of the lessmixedmodels rise quicker after
the recombination phase. We can also see this in the photospheric
velocity evolution – the less mixed models start to have flat velocity
evolution longer before the LC peak.
It needs to be stressed that the photospheric velocity at the
LC peak differs significantly just by changing 56Ni mixing without
changing the ejecta mass and explosion energy. The photospheric
velocity is often used to constrain (Eej/Mej)
0.5 in stripped-envelope
SNe. However, the models presented so far that have the same
Eej = 1 B and Mej = 2.5 M⊙ show significant differences in the
photospheric velocity by only changing 56Ni mixing. We often find
about a factor of 1.5 difference in the photospheric velocity at the
luminosity peak in the most and least mixed models. In the analytic
model, the ejecta mass and energy are scaled as Mej ∝ vph and
Eej ∝ v
3
ph
, respectively, where vph is the photospheric velocity (e.g.,
Lyman et al. 2016). Thus, the difference in the factor of 1.5 changes
the Mej estimate by a factor of 1.5 and Eej estimate by a factor of 3.4.
The mixing effect needs to be taken into account when estimating
the ejecta properties in stripped-envelope SNe.
The models presented so far has the ejecta mass of 2.5M⊙ , the
explosion energy of 1 B, and the 56Ni mass of 0.05 M⊙ . We present
the photospheric velocity evolution of the models with a larger
ejecta mass (3.5 M⊙) in Fig. 7, two different explosion energies
(2 B and 0.5 B) in Fig. 8, and a lager 56Ni mass (0.1 M⊙) in Fig. 9.
We only show the models with helium star progenitors but the
trends do not differ significantly even if we take the carbon+oxygen
star progenitor. The effect of the 56Ni mixing on the photospheric
velocity evolution discussed so far remains unchanged.
3.3 Color
Fig. 10 shows the g and i band LCs of our helium star explosion
models. As previously pointed out by Yoon et al. (2019), the effect
of mixing strongly appears in the bluer bands during the recombi-
nation phase. This is due to the difference in the evolution of the
photospheric temperature caused by the timing of the 56Ni heat-
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Figure 10. g (top) and i (bottom) band LCs for the helium star explosion
models. The insets zoom in the peaks of the LCs.
ing (Fig. 11). The peak magnitudes depends on the degree of 56Ni
mixing because of the difference in the temperature evolution.
As pointed by Yoon et al. (2019), the effect of the difference
in the photospheric temperature evolution caused by the degree of
56Ni mixing can be easily identified in the color evolution observa-
tionally. Fig. 12 presents the g − i color evolution. The less mixed
models become significantly redder because of the delay of the 56Ni
heating in both helium and carbon+oxygen star explosion models.
4 DISCUSSION AND CONCLUSIONS
We have shown that the early photospheric velocity evolution in
stripped-envelope SNe is strongly affected by the 56Ni mixing in
the ejecta. Especially,we expect tofindflattening in the photospheric
velocity evolution when 56Ni is not fully mixed in the ejecta. The
duration of the flattening is related to the duration of the recombi-
nation phase. The less mixed models have the longer recombination
phase and therefore have the longer flattening.
Observationally, the velocity of Fe ii λ5169 is used as a tracer
of photospheric velocity (Branch et al. 2002). Fe ii λ5169 velocity
evolution in stripped-envelope SNe has been summarized in, e.g.,
Liu et al. (2016);Modjaz et al. (2016); Taddia et al. (2018). To trace
the duration of the flattening which differs significantly depending
on the degree of mixing, the photospheric velocity information
more than 10 days before the LC peak is required (Section 3).
Spectroscopic observations for stripped-envelope SNe at such an
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Figure 11. Photospheric temperature evolution of the models presented in
Fig. 3.
early time are still very rare and are encouraged to investigate the
56Ni mixing in stripped-envelope SNe.
Still, there are several stripped-envelope SNe with the early
photospheric velocity information. For example, two SNe Ic, i.e.,
SN 1983V (Clocchiatti et al. 1997) and PTF12gzk (Ben-Ami et al.
2012), in the samples summarized by Modjaz et al. (2016) have the
Fe ii velocity information before 10 days before theV band LC peak
and they both show the velocity increase in the earliest phases. The
velocity increase in carbon+oxygen star explosions is found only in
the models with relatively small degrees of mixing in our models
(Fig. 4). SNe Ib with the early Fe ii information do not have as
clear flattening as in the two SNe Ic (Taddia et al. 2018; Liu et al.
2016). However, one SN Ib, SN 2007Y, does show an increase of
the Fe ii velocity at the earliest phases (Stritzinger et al. 2009). Us-
ing the helium star progenitor models we have, we search for the
SN models providing a reasonable fit to SN 2007Y. Fig. 13 shows
the comparison between our models and SN 2007Y. We find that
our helium star explosion models with Mej = 2.5 M⊙ , Eej = 2 B,
and the 56Ni mass of 0.05 M⊙ in Fig. 8 provide reasonable fits to
the bolometric LC and photospheric velocity as shown in Fig. 13.
The models with moderate degrees (roughly half) of 56Ni mixing
explain the photospheric velocity evolution well. Although the first
photospheric velocity point is not well reproduced, the further ve-
locity flattening would only be caused by less degree of mixing and
our conclusion that the ejecta of SN 2007Y is mixed moderately
would not be altered. Our models do not fully reproduce the color
evolution, but the “U”-shaped color evolution found in SN 2007Y is
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Figure 12. Color (g − i) evolution of the models presented in Fig. 3.
consistent with a relatively small degree of 56Ni (Yoon et al. 2019).
Obtaining a perfect fit to SN 2007Y is beyond the scope of this
paper.
Constraining the degree of 56Ni mixing in the stripped-
envelopeSNejecta is an important step towards identifying the phys-
ical mechanism responsible for the mixing, which is closely linked
with the nature of the explosions. The major suggested mechanism
to initiate the mixing in SN ejecta is the Rayleigh-Taylor mixing
(e.g., Wongwathanarat et al. 2017; Utrobin et al. 2019), but having
56Nimixing in the entire SN ejecta by the Rayleigh-Taylor mixing is
challenging (e.g., Basko 1994; Tanaka et al. 2017). Also, we do not
expect a strong degree of mixing by the Rayleigh-Taylor mixing in
helium-free explosion. By constraining the degree of 56Ni mixing
through the early-phase photometric and spectroscopic information
in stripped-envelope SNe, we can constrain the mixing mechanism
in stripped-envelope SNe that are closely linked to their explosion
mechanism.
ACKNOWLEDGEMENTS
This work is supported by the Grants-in-Aid for Scientific
Research of the Japan Society for the Promotion of Sci-
ence (JP17H02864, JP17H01130, JP17H06364, JP18K13585,
JP18H01212, JP19K14770, JP20H00174). S.B. is supported by
grant RSF 19-12-00229 in his work on the supernova simulations
with STELLA code. Numerical computations were in part carried
MNRAS 000, 1–9 (2020)
8 T. J. Moriya et al.
 41
 41.2
 41.4
 41.6
 41.8
 42
 42.2
 42.4
-20 -10  0  10  20  30  40  50
2.5 M⊙ (He), 2 B, 56Ni = 0.05 M⊙
lo
g 
bo
lo
m
et
ric
 lu
m
in
os
ity
 (e
rg 
s-1
)
days after the bolometric luminosity peak
no mixing
half mixing
full mixing
SN 2007Y
 0
 5
 10
 15
 20
-20 -10  0  10  20  30  40  50
2.5 M⊙ (He), 2 B, 56Ni = 0.05 M⊙
ph
ot
os
ph
er
ic 
ve
lo
cit
y 
(10
00
 km
 s-
1 )
days after the bolometric luminosity peak
no mixing
half mixing
full mixing
SN 2007Y
-0.2
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
-20 -10  0  10  20  30  40  50
2.5 M⊙ (He), 2 B, 56Ni = 0.05 M⊙
B 
- V
days after the bolometric luminosity peak
no mixing
half mixing
full mixing
SN 2007Y
Figure 13. Bolometric LC (top), photospheric velocity (middle), and color
(bottom) evolution of SN 2007Y (Stritzinger et al. 2009) and their compar-
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